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Abstract 
The future development of safe CO2 storage on land needs a particular effort on monitoring methods. In the specific geological 
context of the sedimentary Paris Basin (France), the Géocarbone-Monitoring project carried out from 2006 to 2008 the evaluation 
and testing of different monitoring methods. The targeted reservoirs are either depleted reservoirs in the carbonate Dogger 
formation or saline aquifers in the silico-clastic formations of the Triassic. To map the migration of the CO2 plume, the project 
evaluated geophysical methods as active seismic, electrical resistivity and gravity. Results show that the geological context 
implies further research to be conducted to overcome problems related either to data acquisition in the case of gravity or to the 
geological context in the case of seismic and electrical resistivity. The InSAR remote sensing method was not able to detect 
ground deformation over seasonal gas storage, mainly because of the dense vegetation cover. Methods for soil gas measurement 
at the surface were successfully tested on natural analogs, revealing the complexity of mechanisms involved in the origin of the 
CO2 flux, its temporal and spatial variations, as well as the need for continuous surface measurements in order to control seasonal 
variations. 
Keywords: Geological CO2 storage; monitoring; leakage; geophysical method; soil gas sampling. 
1. Introduction 
In the framework of the PICOREF project of CO2 storage in the Paris Basin (France), a specific project entitled 
Géocarbone-Monitoring has been carried out since 2006 to evaluate and test the different monitoring methods that 
could be applied to this specific geological context. The targeted reservoirs are either depleted reservoirs in the 
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carbonate Dogger formation (depths ranging from 1500 down to 1800 m) or saline aquifers in Triassic silico-clastic 
formations (depths ranging from 2000 down to 2500 m). The main objectives of Géocarbone-Monitoring were: 1) to 
evaluate which methods would be able to detect and map the in situ CO2; and 2) to detect CO2 leakages from the 
reservoir up to the surface. Two approaches were used: simulation studies and field studies at actual scale, either on 
seasonal gas storage facilities or on natural analogs. Development and testing of specific tools was also conducted, 
for example for gas sampling in wells. At the end of the project, recommendations for monitoring in deep aquifers in 
this particular geological context were proposed to the administration and future operators. 
2. Simulation and development of tools 
Active seismic: The capability of geophysical methods to detect CO2 in the storage formation was tested using 
simulation tools. In the case of repetitive active seismic applied to a carbonate reservoir, the seismically measurable 
effects of CO2 replacing the oil/water mixture in the pores of the reservoir will consist in a slight but detectable time 
shift for reflections occurring beneath the reservoir and in a difference in the amplitudes of reflections at the 
reservoir level, which may amount to some 10% and might be detectable and measurable. The oil reservoir selected 
as a test site is an anticline structure, with an oil/water contact about 60 m beneath the top. It includes four units, 
with porosities ranging from 8 to 13%, and the average permeability is 10 mD. A synthetic 2-D petroacoustic model 
of a depleted oil reservoir was established initially, using the existing information of well logs from a small oilfield 
located in the southwest part of the Paris Basin. A series of facies was determined, ranging from porous limestones 
to shales, and a vertical facies proportion curve was built. Finally, a geological and petrophysical 2-D 25-column 
model was designed, with 5 real wells and 20 pseudo-wells obtained by statistical variations around the vertical 
facies proportion curve. Then, in order to simulate the injection of CO2 over time, the reservoir was filled 
progressively. The injection was stopped when an increment of pore pressure of 1.5 MPa was reached at the 
injection point. The P-wave velocity was calculated using the Gassmann Herz-Midlin model for the different 
lithologies, saturations and partial pressures of CO2. Wave propagation was simulated using ray shooting from the 
surface over a maximum offset of 1600 m, for each step and each column. 
Figure 1 shows the time-lapse anomaly of amplitude for different pseudo-sections (Wells 24-20-10-5 and 1, 
corresponding to a decreasing volume of gas related to a decrease of reservoir quality). On each section the stacked 
traces are computed over the period of injection. Results indicate that an increase in Dt (difference in transit time) up 
to 0.45 ms, is expected and can allow the gas height in the reservoir to be measured. This results from a decrease in 
Vp velocity due to the difference of compressibility between the injected CO2 and the pre-existing fluid. The CO2 
injection rate must be slow enough not to cause a significant change in stress conditions in the reservoir, and 
consequently ensure the CO2 height estimation remains unbiased. Since fracturing of the formation was not taken 
into account, this effect was underestimated. The expected average variations of amplitude, ca. 4-6%, are below the 
usual detection threshold for time-lapse 2D seismic.   
At larger incidence angles, the AVO effects could increase the amplitude variations due to fluid substitution, but 
picking and accurately measuring the reflections at the top of the storage facility will probably not be 
straightforward, because of the presence of overlaying converted events. Taking fracturing into account, as well as 
improving data processing, could help to better characterize amplitude variations below the noise level. Some 
information about permeability could be derived from the differences in AVO curves, oriented towards the main 
fracture network and perpendicularly. However, all the effects related to the fluid substitution are small and their 
measurement will require careful data acquisition and processing. 
 
Electrical methods: The application of electrical resistivity methods to CO2 detection is based on the contrast of 
resistivity between the resistive supercritical CO2 and the conductive saline fluid originally in the formation. 
Different configurations of current injection and electrical potential measurement at the surface were tested, based 
on classical methods such as “Mise à La Masse” or LOTEM (Long Offset Transient EM) aiming at mapping the 
CO2 plume in the reservoir from the surface. Difficulties arise due to the depth and the thinness of the storage 
formation. The geoelectric model used is a 1D distribution of resistivity based on an electrical log from an oil well 
in the southwestern Paris Basin. The reservoir is the “Oolithe Blanche” formation (thickness| 75 m, porosity )>0.2, 
permeability | 50 mD), located between Z=1675 m and Z=1750 m. The CO2 plume is modelled as a square plate of 
2 km side, 70 m thick and with infinite resistivity. 
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Figure 1: Time-lapse difference in amplitude for different CO2 concentrations with respect to a seismic section 
without injected CO2. For each section, horizontal axis is time. The largest variations are observed on the left, where 
contrasts in saturation are greatest, mainly due to karstified levels. In red: variations of the product porosity (Phi) 
multiplied by gas saturation, Sg. 
 
Modelling indicates that injecting an alternative current directly into the deep conductive layers via a pair of 
metallic casings (used as long electrodes) could improve the signal-to-noise ratio by a factor 10, with respect to 
standard measurement at the surface (Fig. 2). We call this method “LEMAM”, as it is a combination of already well-
known methods. Standard measurements of the electric and magnetic fields at the ground surface (similarly to 
electric potential measured with standard “point” electrodes) will retain a high horizontal resolution and a normal 
vertical resolution. We use the generalized Archie law to estimate the increase in resistivity linked to CO2 injection. 
In our model we suppose that the CO2 filled up to 80% of the pore volume, which means that the resistivity of the 
reservoir is multiplied by 25. Electrical and magnetic fields were computed in the frequency domain (0.5 Hz) with 
and without CO2, the difference between these yielding the time-lapse response for a given field. Results indicate 
that for a “LEMAM” array, the variation in the electric potential at the surface produced by the injection of CO2 is 
lower than 0.5% of the electric field without injection, which is a priori non-measurable. This is to be compared 
with other configurations where the increase could be on the order of 10%. This poor result could probably be 
explained by the relatively high resistivity of the reservoir formation (20 ohm.m), due to the low salinity of the 
Dogger aquifer (| 5 g/l) in this part of the Paris Basin. In other areas this salinity could increase up to | 50 g/l. 
Under these conditions, an approximated evaluation estimates that only 2% of the injected current in the wells flows 
in the reservoir formation. Further work will seek to determine the conditions that would allow this method to be 
applicable in the Paris Basin context. 
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Figure 2: Principle of “LEMAM” electrical method for detecting and mapping the CO2 plume. 
 
Tools for CO2 sampling in the overlying aquifers are under development and being tested in different contexts, 
down to a depth of 1000 m. Simulation of leakage (i.e. injection of 3 cm3 for 3 min. at a depth of 200 m) showed that 
very low quantities of CO2 can be detected. Regarding surface measurements, an accumulation chamber was 
adapted to measure very low fluxes (< 0.05 cm3/min/m²) and tested in different contexts. 
3. Testing monitoring methods on natural analogs or gas storage sites 
Natural analogs and seasonal storages sites for natural gas offer unique opportunities to test methods for 
measuring either CO2 leakage at the surface or related effects with the injection, such as changes in density at the 
reservoir level or surface deformations induced by geomechanical changes beneath. 
In Géocarbone-Monitoring, geochemical methods focused on soil gas and atmospheric measurements, since CO2 
quantification of at the surface will be of prime importance for health, safety and the environment (HSE) and for 
verification considerations. Leakage through abandoned wells can be induced by chemical or physical alteration of 
casings and plugs. Leakage towards neighbouring aquifers can occur through sealing defaults of the caprock and 
transport of CO2-charged waters via groundwater flow. Four partners of the project have compared their different 
tools and methods at two analog sites located in France: the natural CO2 reservoir of Montmiral and Sainte 
Marguerite, located in a volcanic-sedimentary area. 
The Montmiral site features a natural gas reservoir, exploited since 1990, with more than 98 mole% of CO2, 
located in a Triassic rock formation at a depth of 2500 m. The reservoir has been considered closed for a long time 
with no gas leakage towards the atmosphere. Two kinds of measurement were carried out: 
1) Continuous measurements of CO2 at a single point with FTIR spectrometers close to the extracting well at a 
depth of 1.5 m and in the atmosphere [1], [2]. Results show very complex variations of CO2 concentration, 
constituted by a succession of accumulation phases and evacuation up to the atmosphere. These phases seem to 
correspond respectively to periods during which the soil is water-saturated, following rainy periods, and dryer 
periods for which soil porosity is greater, thereby allowing massive exchanges with the atmosphere. Those studies 
show the importance of continuously measuring soil gases, liable to fluctuate considerably over time. These latter 
are conditioned by variations in biological activity (photosynthesis, bacterial activity…) and in the petrophysical 
characteristics of the soil (gas permeability, desiccation, and dilation). 
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2) Two soil-gas analysis surveys (in 2006 and 2007) for different gases (CO2, CH4, O2, Rn, He) on a spatial grid, 
aiming at mapping spatial variations. Both surveys show similarities between the different tools and spatial 
distribution. Dense measurements carried out around the producing well VMO2 display repeatability from 2006 to 
2007. Chemical and isotopic compositions of soil gas show no influence from the deep gases. In particular, carbon 
isotopes, helium and methane concentrations do not reveal any direct influence from the deep reservoirs upon the 
composition of soil gases. High values of CO2 and radon concentrations are found over a larger geographical scale, 
but with no apparent relationship with shallow tectonic structures. Fluids from different sources were analyzed in 
the field and in the laboratory (anions, carbonates and dissolved CO2) also indicating a shallow origin for the CO2. 
Moreover, CO2 flux measurements using accumulation chambers display high flux values, up to 20 cm3 min-1 m-2 at 
some tens of meters away from the producing well, and up to 45 cm3 min-1 m-2 at ca. 100 m from the well. Those 
values clearly exceed the normal level of the natural biogenic emissions (some cm3 min-1 m-2). Measurements 
carried out around the well showed that the emissions of CO2 are unrelated to the presence of the well. 
The Sainte Marguerite site, on the contrary, presents a large number of gas emission spots along the Allier River. 
CO2 emissions come from the granite basement at the interface with the Tertiary limestones and dolostones. As with 
the previous site, two kinds of experiments were considered: continuous monitoring over one month and two soil 
gas surveys (September 2006 and 2007). The continuous monitoring reveals an exponential decrease of the CO2 
concentration which can be approximated by gas-bag model, with 14-day temporal fluctuations. The concentration 
at the end of the experiment was equivalent to the atmospheric concentration (ca. 400 ppm). 
Soil-gas sampling showed important spatial variations over short distances, with values varying from 1% up to 
95% V/V. Both surveys found high concentrations (radon and CO2) in the same areas, aligned along a NE-SW 
direction, compatible with the regional tectonic trend. As for gas concentrations, flux measurement over an area of 
5 ha pointed out the high spatial variability and the fact that the site is globally very emissive, with an overall rate of 
1.6 m3/min in September 2006 and 3 m3/min in September 2007. The isotopic analysis of (į13C) and rare gases 
indicates that the CO2 originates at depth, coming from the lower crust or the mantel, as for all the sites on the 
Limagne Plain, without noteworthy interactions with atmospheric or biogenic gases. The helium contents are quite 
variable, with no direct link with the other gases, and need further studies. 
 
Figure 3: CO2 concentrations at the natural analog Sainte Marguerite site. The green axis indicates the regional 
tectonic trend. 
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Gas storage sites: testing time-lapse gravity and InSAR at the natural gas storage site of Chémery (France): 
This is one of the largest natural gas storage sites in Europe. Preliminary simulations showed that the injected 
quantities (annual injection/extraction of ca. seven billion cubic meters of gas) could be associated with mass 
displacement at depth and surface deformations, presumably detectable by microgravity and remote sensing 
(InSAR). The main difficulty lies in separating signal from background noise. 
Time-lapse gravity is currently being tested at Sleipner to detect mass variations at depth. These changes can be 
related to changes in density within the formation and then constrain the 4-D seismic interpretation and fluid flow 
modelling [3]. The feasibility of time-lapse gravity in the Paris Basin was evaluated by performing repetitive 
measurements, primarily to quantify the influence of shallow effects, e.g. variations in water table level and soil 
moisture. Two virtually parallel lines of 19 stations each crossing the gas storage geological structure were 
measured four times (December 2006, March, June and October 2007). Repetition of measurements with a 10 μGal 
precision shows differences ranging from -40 to 25 μGal on two specific areas, despite the high noise level, mainly 
due to the proximity of roads. Taking into account extraction/injection cycles, the trend of the observed variations is 
compatible with mass variation in the reservoir. As the inverse problem in gravity is under-determined, no definite 
answer can be given as to discriminating between different scenarios for the reservoir’s evolution and mass 
movements in the shallow aquifers. Nevertheless, inversion by the “Compact bodies” methods allows us to propose 
a scenario for the evolution of water level in the reservoir and its migration, in agreement with all the available 
information, i.e. the injection/extraction cycles and the supposed geometry of the reservoir.  
The InSAR remote sensing method (Interferometry with Synthetic Radar Aperture) could be useful to detect 
ground deformation linked to geomechanical changes in the reservoir. Although such deformations for the CO2 
storage case could be expected after an injection period of many years, it is still interesting to assess this method’s 
sensitivity. It was tested over the Chémery gas storage site with data acquired by the ERS-2 satellite from the 
European Spatial Agency for the period July 1995–March 1997. The efficiency of InSAR is limited because of the 
dense vegetation cover in this area and seasonal variations in surface moisture, both causing a loss of signal 
coherency and difficulties in measuring the expected small variations. The only signal couple presenting a 
satisfactory level of coherency corresponds to dates too close to allow a significant deformation to be measured, 
given the current injection rate. No significant changes were observed during this period for image couples acquired 
with temporal baselines of more than 70 days and within the precision range of the method (ca. 1 cm). In order to 
overcome those difficulties and to enhance precision, further processing using the Permanent Scatterers (PS) method 
was planned. Because of the small number of reflectors (i.e. shiny points with intensities varying little over time) 
present in the area, it was also not possible to identify any ground deformation. Unless the numbers of permanent 
scatterers were increased by building dedicated reflectors, the InSAR techniques seem, with the present state of the 
art, unable to detect ground deformations linked with the exploitation of a gas storage site like Chémery. 
4. Conclusions 
The Géocarbone-Monitoring project was devoted to evaluating and testing various monitoring methods in the 
framework of the specific geological context of France’s sedimentary Paris Basin. The final objective was to 
propose recommendations for operators of the future storage projects in that area. Achievements are mainly 
methodological in nature, since for several methods no immediate positive results were obtained; nevertheless they 
provide us with new clues that will help to orient future work. Applying geophysical methods for mapping the CO2 
plume and detecting leakages will not be straightforward, and further research is needed. The main results could be 
summarized as follow: 
 4-D seismic will not work as well in the Paris Basin as for the Sleipner site [4] due to the geological 
context. Very high quality measurements and information from wells will be needed, and fracturing 
must be taken into account. 
 The innovative “LEMAM” method for electrical resistivity mapping is not applicable with the 
geoelectrical model deduced from existing logs. It should be tested numerically with other 
configurations and in a real context. 
 The microgravity survey over the seasonal storage site of Chémery showed variations larger than the 
background noise, but its interpretation is difficult because of local variations of the water table in the 
shallow subsurface and the lack of additional information (geological model and production data).  
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 InSAR interferometry was inconclusive at Chémery and necessitates specific soil conditions (vegetation, 
permanent reflectors) together with a proper periodicity of overflights for surface deformations to be 
able to be detected. 
 Sampling methods and equipment for borehole measurement of CO2 concentrations were successfully 
tested. These tools must now be experimented under actual CO2 storage conditions.  
 A methodology for the continuous measurement of CO2 concentrations in soils was worked out and 
successfully tested at Montmiral and Ste Marguerite natural analogs. Monitoring of į13CO2 is feasible, 
but requires improvement. Continuous monitoring of CO2 concentrations revealed that seasonal 
variations constituted a fundamental element for quantifying the content of this gas in the soils. 
Continuous monitoring will accordingly be necessary to measure the background noise above a storage 
site when baselines are being established and during injection and post-injection operations.  
 Sampling methods and equipment for measuring CO2 concentrations in soils and flux at the soil surface 
were successfully tested on natural analogs. These tools are currently operational and can be used on 
future storage sites. Avenues have been proposed to explain the origins of CO2 and its isotopes in soils 
at Montmiral and Ste Marguerite, as well as their temporal and spatial variations.  
 Clearly, in the framework of a geological storage site for CO2, geochemical monitoring should not be 
restricted to analyzing surface phenomena. It will need to be completed by monitoring at depth 
including, among other things, the reservoir, intermediate aquifers, wells and faults. The spatial and 
temporal variability linked with local hydrological, geological and biological conditions will make it 
necessary to determine the optimum sampling rate for each site. 
Finally, all those results will be integrated so as to design a generic monitoring program for CO2 storage in the 
Paris Basin, taking into account the results and conclusions from the other Géocarbone projects devoted to site 
characterization, reservoir injectivity, integrity of both wells and cap rock and risk assessment. 
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